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Abstract
The process of designing Strain Hardening Cementitious Composites (SHCC)
is driven by the need to achieve certain performance parameters in tension.
These are typically the pseudo-strain hardening behavior and the ability to
develop multiple cracks. The assessment of the tensile load-deformation of
these materials is therefore of great importance and is frequently carried out
by characterizing the material tensile stress-strain behavior. In this paper an
alternative approach to evaluate the tensile performance of SHCC is inves-
tigated. The behavior of the material in tension is studied at the level of a
single crack and the tensile performance is evaluated in terms of the tensile
stress-crack opening behavior. The experimental procedure and test setup
used are discussed. The derived tensile stress-crack opening behavior is uti-
lized to analyze and compare the inﬂuence of various composite parameters
on the resulting tensile behavior. The deformations occurring during tensile
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loading are furthermore examined using a digital image analysis technique
to gain detailed insight into the crack formation, propagation and opening
phases.
Keywords: E. Fiber Reinforcement, C. Tensile Properties, C. Finite
Element Analysis, B. Crack Detection, Material Design.
1. Introduction1
The recent technological development of a wide variety of ﬁbers has been2
creating new opportunities for the development of ﬁber reinforced cementi-3
tious composites as structural materials. The behavior of these distinct ﬁbers,4
which are dispersed in the cementitious matrix, can assume diverse forms and5
dimensions, allowing the development of numerous functional properties of6
these materials. In particular, when ﬁber reinforced cementitious composites7
are designed to develop strain hardening in tension, so-called Strain Harden-8
ing Cementitious Composites (SHCC) are obtained. From the viewpoint of9
structural design, the strain-hardening ability in tension is often referred to10
as the most relevant feature of SHCC.11
Pseudo-strain hardening in tension exhibited by SHCC is the consequence12
of the development of multiple cracks under tensile loading. Tensile harden-13
ing at the level of a single crack is the main prerequisite of this composite re-14
sponse to tensile loading. This material property represents a dual advantage15
in engineering applications: while more cracks develop at the same tensile de-16
formation level, the individual crack openings are signiﬁcantly smaller. The17
result of this multiple cracking behavior is enhanced durability and better18
preservation of functional properties in the structural elements. Conversely,19
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higher energy dissipation ability exists at the level of a single crack, which is20
ampliﬁed by the large number of cracks typically developed. These materials21
are therefore designed to exhibit high toughness and signiﬁcant tolerance to22
damage in tension. Over the past few decades the research carried out in23
SHCC materials has suggested diﬀerent approaches to the design of these ma-24
terials [1, 2]. Engineered Cementitious Composites (ECC), a class of cement25
based materials typically reinforced with Polyvinyl Alcohol (PVA) ﬁbers, are26
an example of SHCC materials showing high tensile strain hardening abil-27
ity (between 3% and 7% of ultimate tensile strain) at an ultimate tensile28
strength of 5 MPa [3, 4].29
The mechanical behavior in tension of SHCC materials is the result of30
a delicate balance of multiple factors. The interfacial bonding and ﬁber31
pull-out properties, the material parameters of the ﬁbers and of the matrix,32
the distribution of ﬂaw sizes in the matrix, the ﬁber orientation and their33
dispersion in the matrix play an important role in the resulting composite34
mechanical behavior. The study of the inﬂuence of these parameters individ-35
ually is complex, given that they perform in a highly coupled manner. The36
assessment of the tensile performance of SHCC materials is therefore of great37
importance, for an eﬃcient material design as well as for the appropriate con-38
stitutive modeling in structural applications. SHCC materials research has39
been mostly dedicated to the characterization of their tensile stress-strain40
behavior, particularly dealing with their unique characteristic, the pseudo-41
strain hardening ability in tension [4, 5]. The type of test mostly used is the42
direct tension test using dog bone-shaped (dumbell-shaped) or coupon spec-43
imens [5–7]. The material tensile stress-strain behavior is thereby assessed44
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as well as the potential of the material to develop multiple cracks. The di-45
rect tension tests are experimentally demanding, therefore inverse analysis46
is also alternatively used to derive indirectly the stress-strain or the stress-47
separation law from bending tests [8]. Other test setups used are inspired by48
common test methods adopted to extract the fracture parameters of concrete49
and other tension softening ﬁber reinforced cementitious composites. These50
test methods include the Compact Tension test (CTT), the Wedge Splitting51
test (WST), the Split Cylinder Tensile Strength Test and the Three Point52
Bending Test (see for example [9–13]). However, the initiation of multiple53
cracks and the individual particular testing conditions interfere with the ex-54
plicit and objective characterization of SHCC constitutive properties.55
In this study an alternative approach to the assessment of the tensile56
behavior of SHCC materials is investigated. This approach is based on the57
characterization of the tensile stress-crack opening behavior of SHCC at the58
level of a single crack. The main obstacle to this strategy is the diﬃculty asso-59
ciated with obtaining a single crack when the material is especially designed60
to develop multiple cracks. To produce adequate mechanical conditions for61
the initiation and evolution of a single crack, the stress ﬁelds generated in62
test specimens under tension may be locally intensiﬁed using geometrical63
constrictions or notches. This procedure is well known from the characteri-64
zation of the tensile stress-crack opening behavior of tension softening ﬁber65
reinforced cementitious composites. Research has been carried out in this66
ﬁeld, using diﬀerent test methods to assess the post-cracking behavior of67
ﬁber reinforced cementitious composites in direct tension (see for example68
[14, 15]). However, when pseudo-strain hardening materials are considered69
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this strategy shows diﬃculties in keeping the crack single throughout the70
entire loading sequence [16]. Nevertheless, previous work has shown that if71
the geometry of the specimen is modiﬁed, a single crack may be obtained72
and mechanically characterized [17, 18]. In this study the geometry of the73
specimen was investigated and special attention was dedicated to minimiz-74
ing the thickness of the notches created in the specimens. The motivation75
supporting this procedure is the possibility to assess directly and objectively76
important features of the composite behavior in tension, also when the ma-77
terial shows pseudo-strain hardening in tension. The beneﬁts extend beyond78
the material design process. The tensile stress-crack opening relationship is79
of major importance to the constitutive modeling of the material behavior,80
which is a central element in the numerical simulation of structures. Seeking81
optimal usage of SHCC material properties, research has been carried out82
to develop numerical modeling strategies especially suited to simulate the83
behavior of SHCC structures [19]. In particular, the single crack cohesive84
law was adopted by [20] to characterize the tensile behavior of SHCC in a85
numerical model. Typically, the performance and accuracy of these models86
depend on the objective assessment of the SHCC material behavior, which87
motivates the exploration of experimental procedures that consistently lead88
to an explicit tensile stress-crack opening characterization of ﬁber reinforced89
cementitious composites using notched specimens [15, 21].90
The veriﬁcation that a single crack is indeed obtained during the entire91
testing sequence is important for the unique characterization of the tensile92
stress-crack opening behavior of SHCC. To help with the identiﬁcation of the93
various crack initiation and propagation stages, an image-based monitoring94
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system has been used to document the generated deformations at the sur-95
face of the specimens during testing. The so-called Digital Image Correlation96
(DIC) technique involves the comparison of two digital images of the surface97
of an object before and after deformation using an appropriate correlation98
technique [22]. The accuracy of the correlation between the recorded images99
depends mainly on the quality of the image speckle pattern (including light100
conditions) and the resolution of the imaging system [23]. By using DIC, the101
crack initiation and propagation stages in direct tension in notched SHCC102
specimens have been monitored and characterized. This is particularly im-103
portant during the early stages of the testing sequence, when the crack is104
developing and while the tensile stresses gradually transfer from the matrix105
to the ﬁbers bridging the crack.106
2. Materials and Methods107
2.1. Materials108
In this study the tensile behavior of seven diﬀerent ﬁber reinforced ce-109
mentitious composites was assessed. The materials used in the composition110
of the cementitious matrix were essentially the same for all composites, and111
the type and volume fraction of ﬁber reinforcement was varied. The matrix112
composition in terms of the weight of each ingredient for a total volume of 1113
dm3 is presented in Table 1.114
115
Fibers of three diﬀerent natures were used: PVA (polyvinyl alcohol), PAN116
(polyacrylnitrile) and PP (polypropylene). The main geometrical and me-117
chanical properties of these ﬁbers are presented in Table 2118
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Table 1: Weight of the materials used for 1 dm3 of cementitious matrix.
Cement Fly ash Fine sand (0.17 mm) Quartz powder
428 g 856 g 150 g 150 g
119
Table 2: Main properties of the fibers used.
Fiber
Tensile strength Length Diameter
(MPa) (mm) (μm)
PVA 1600 8 40.0
PP 900 12 40.0
PAN 1.5 826 6 12.7
PAN 3.0 767 6 18.0
PAN 6.7 413 6 26.8
PAN 30 295 6 57.0
The ﬁber volume fraction was 2% in the case of the composites containing120
PP or PAN ﬁbers, while the percentages of 1% and 2% by volume were used121
in the case of the composites containing PVA ﬁbers.122
123
2.2. Single Crack Tension Test (SCTT)124
The main pre-requisite to the direct and objective characterization of the125
tensile stress-crack opening behavior during the initiation and propagation126
stages is the obtaining of a single crack during the entire loading sequence.127
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SHCC materials are designed to develop multiple cracks in tension, conse-128
quently the formation of a single crack is naturally prevented by the mate-129
rial. To meet this requirement, diﬀerent geometries of notched specimens130
were previously investigated, and their ability to promote the initiation and131
propagation of a single crack was veriﬁed. Special attention was dedicated132
to the minimization of the thickness of the created notches.133
In general terms, cracking saturation in SHCC materials is achieved when,134
while new cracks form, the decreasing crack spacing reaches a critical value135
that is equal the load transfer length required to induce new cracking. This136
load transfer length, determined by the ﬁber properties, the matrix fracture137
parameters and the ﬁber-matrix interaction properties, is a lower bound limit138
to the crack spacing in the composite. The notch thickness adopted in this139
investigation, 0.5 mm, is well below the typical crack spacings found in the140
literature and observed in un-notched SHCC specimens tested in direct ten-141
sion (see for example [24]). These crack spacings can reach values as low as142
5 mm, but seldom below 2 mm. The notch thickness and specimen geometry143
selected in this study are aimed at preventing the possibility of additional144
cracking to occur in the immediate vicinity of the primary induced crack.145
The specimen dimensions and ﬁnal geometry are presented in Figure 1.146
The length of the specimen was 120 mm and the free distance between the147
ﬁxed ends during testing was 70 mm. To produce six specimens of each148
composite, plates of 600×125×20 mm3 (length×width×thickness) were cast,149
sealed and left to cure for 28 days. The casting surface of the plates was then150
ground to a thickness of 12 mm and a matrix of 2×3 specimens was cut from151
the central part of the plate (see Figure 1. After curing, the 0.5 mm thick152
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notches were cut in the coupon specimens using a small diamond cutting153
disc. The high rotation speed of the disc and a delicate setup were used to154
avoid causing damage in the specimens.155
The testing sequence consisted of applying a displacement controlled con-156
stant axial displacement rate of 5 μm/s, transmitted by the hydraulic actua-157
tor to the specimen by means of two hydraulic grips providing ﬁxed support158
to both ends of the specimen (rotations and transverse displacements were159
restrained). During testing, the opening of the notch was evaluated by means160
of two clip gages positioned in opposite sides as shown in Figure 2.161
The example of one specimen adopting the ﬁnal geometry proposed in
50 mm
10 mm 10 mm
8 mm
0.5 mm
12 mm
2 mm
70 mm
25 mm
25 mm
125 m
m
600 m
m
1 2
3 4
5 6
Figure 1: Specimen geometry used in the assessment of the tensile stress-crack opening
behavior.
162
this study is presented in Figure 3 where a single crack was formed and char-163
acterized in tension. After adopting this geometry the formation of a single164
crack was consistently obtained in tests conducted subsequently.165
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Figure 2: Tensile test setup including supports and clip gages.
166
Figure 3: Single crack obtained after testing.
2.3. Tensile stress-crack opening results167
The results obtained after testing the specimens in direct tension are168
presented in Figure 4. The tensile stress values (nominal tensile stress) pre-169
sented were obtained by computing the ratio between the experimental ten-170
sile load and the net area of the notched cross-section (8×30 mm2). The171
crack mouth opening displacements (CMOD) were obtained by averaging172
the displacements measured in the two opposite clip gages, although these173
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were later veriﬁed to be practically similar. The adoption of the ﬁxed sup-174
ports contributed to this requirement of minimizing the diﬀerence between175
the displacements observed in the opposite clip gages. The distance between176
the two sampling points of each clip gage was 25 mm.177
178
Figure 4: Tensile stress-CMOD of the tested composites.
For each composite, the results of three of the six specimens tested are179
shown. The upper and lower limit results are presented to show an envelope180
of the obtained behavior.181
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3. Crack initiation182
3.1. Numerical model183
The notches inserted at the middle section of the specimens produce a184
local intensiﬁcation of the stress ﬁeld. This intensiﬁcation is desirable, re-185
garding the intention of inducing the formation of a single crack during tensile186
loading. The initiation of the crack at the corners of the notched cross-section187
and its subsequent propagation occur rapidly, while the opening of the crack188
tip is still small. At this stage, the fracture micro-mechanisms depend almost189
exclusively on the properties of the matrix. In order to estimate the eﬀect190
of the local intensiﬁcation of the stress ﬁeld induced by the notch on the191
generation of the crack plane, a 3D ﬁnite element model was constructed.192
Considering the very small deformations at which the formation of the crack193
occurs, the numerical model represents a valuable contribution to understand194
the dominant micro-mechanisms occurring at this stage of the cracking pro-195
cess. Assuming that the specimen is composed of the cementitious matrix196
only, the contribution of the adopted geometry and of the notches to the197
initiation and propagation of a single crack plane was studied. The geometry198
of the left half of the modeled portion of the specimen and the adopted ﬁnite199
element mesh are shown in Figure 5 and Figure 6, respectively.200
201
In Figure 7 the mesh near the lateral notch tip and at the mid-plane of202
the specimen (x3 = 0) is shown. In Figure 8 the mesh near the lateral notch203
tip is shown, when looking from the top (x3 = 6 mm).204
205
One quarter of the specimen was modeled. In Figure 5 and Figure 6 only206
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modeled part
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(left half)
specimen
(left half)
Figure 5: Geometry of the left half of the modeled portion of the specimen.
the left half of the modeled portion is displayed. In Figure 7 and Figure 8207
both left and right parts of the modeled portion are displayed, in a close view208
of the notch tip region. This simpliﬁcation was possible due to the symmetry209
of the loading and the boundary conditions. Loading and structural bisym-210
metry with respect to the longitudinal axis (x2, Figure 6) of the specimen211
have been assumed. The boundary conditions adopted in the simulation are212
presented in Figure 6, where δu represents the prescribed displacement in-213
crement at each step of the numerical simulation.214
The model was constructed using elastic 4-noded linear tetrahedral vol-215
ume elements. The high geometrical gradients close to the notches were over-216
come with a signiﬁcant increase of the number of elements in these regions,217
as represented in Figure 6, Figure 7 and Figure 8. The blunted shape of the218
notch tip, with a radius of 250 μm, was discretized with suﬃcient smooth-219
ness, relevant for the satisfactory approximation of the real stress intensity220
at the tip of the notches. The young modulus assigned to the elements was221
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x , (u )1 1
x , (u )2 2
x , (u )3 3
Boundary conditions:
( =0) = 0; ( =0) = - ; ( =0) = 0uu x u x u x1 1 2 2 3 3
Figure 6: 3D finite element mesh used to model the specimen, boundary conditions and
prescribed displacement increment.
Figure 7: Mesh in the region of the notch tip, plane x3 = 0.
20 GPa and the Poisson coeﬃcient was 0.2. One layer of interface elements222
was added in the notched section between the left and the right parts of the223
modeled quarter (x2 = 25 mm in Figure 6; Figure 9). These interface ele-224
ments were assigned with a linear softening stress-separation law, typical of225
cement-based materials exhibiting quasi-brittle behavior in tension (Figure226
9). The local tensile strength, σcr, was assumed equal to 5.0 MPa, and the227
ultimate crack opening, wu, equal to 10.0 μm (Figure 9), which correspond228
to the matrix fracture energy, Gf , of 25 J/m
2. The local tensile strength,229
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Figure 8: Mesh in the region of the notch tip, plane x3 = 6mm.
σcr, was approximately estimated based on the average compressive strength230
results obtained for the composite reinforced with 2% of PVA ﬁbers [LARUS231
PUBLICATION] and on the compressive strength-tensile strength relation-232
ships proposed by [25]. The ultimate crack opening, wu and the fracture233
energy, Gf , were aproximatelly estimated considering the experimental re-234
sults obtained by other researchers dealing with the fracture properties of235
mortar and concrete [14, 26–29]. These parameters were not obtained by236
previous trial and error, or ﬁtting to any speciﬁc group of the experimental237
results obtained. The estimated fracture parameters were directly used to238
analyze and explain the overall behavior and early conditions of crack initi-239
ation and propagation in the notched specimens.240
241
3.2. Numerical results242
In Figure 10 the general load-displacement curve obtained with the nu-243
merical model is presented. Increments 2, 10 and 36 of the increment-iterative244
algorithm are highlighted for three distinct load levels.245
The eﬀect of the notches and specimen geometry are best understood246
by visualizing the major principal stress ﬁelds produced at the longitudinal247
mid-plane of the specimen (x3 = 0, Figure 6). In Figure 11 these stress ﬁelds248
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Figure 9: Detail of the 3D mesh close to the notch tip (plane x3 = 0) and stress-crack
opening law adopted for the interface elements.
are represented for the two of the distinct load levels previously identiﬁed in249
Figure 10.250
The stress ﬁelds generated at the outer surface of the specimen (x3 = 6251
mm, Figure 6) are also displayed in Figure 12. These allow the visualization252
of the eﬀect produced by the longitudinal notches, which seem to help with253
keeping the path of the crack progression conﬁned inside the notched section.254
255
The numerical results presented in Figure 10 to Figure 12 show that the256
initiation and complete formation of the crack is greatly conditioned by the257
geometry of the specimen and the notched section. In Figure 10 the load-258
displacement curve shows a deviation from the linear elastic behavior starting259
almost from the onset of the tensile test. The presence of the slender notches260
creates high stress intensity at the corners of the rectangular notched cross-261
section, as shown in Figure 11 and Figure 12 for two distinct load levels. The262
major principal stress reaches the local tensile strength, σcr, (5.0 MPa) at the263
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Figure 10: Axial load-displacement curve obtained with the numerical model of one quarter
of the specimen.
referred corners when the tensile load reaches 13% of the tensile peak load264
(load increment 2, see Figure 10). Therefore cracking process starts early.265
The results obtained allow establishing a relation between the local ten-266
sile strength, σcr, and the numerical peak nominal stress. Observing the267
results obtained with the numerical model, the peak load reaches the maxi-268
mum value of 274.1 N (one quarter of the specimen). Dividing the peak load269
by the net area of the notched cross-section, the numerical peak nominal270
stress of 4.57 MPa is obtained. The ratio between the numerical peak nomi-271
nal stress and the local tensile strength, σcr, is 91%, as a result of the local272
stress intensiﬁcation produced by the notches and the geometry of the spec-273
imen. Disregarding the contribution of the ﬁbers, this means that the local274
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Load increment = 10
Load increment = 36
Figure 11: Major principal stress field (MPa) at the longitudinal mid-plane (x3 = 0).
Load increment = 10
Load increment = 36
Figure 12: Major principal stress field (MPa) at the outer surface of the specimen (x3 = 6
mm).
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composite tensile cracking stress should be approximately 9% higher than275
the nominal peak cracking stress obtained experimentally using SCTT. This276
information can be used later on to estimate the tensile cracking stress for277
design purposes, based on the experimental results obtained with the SCTT.278
When the local tensile strength, σcr, is reached at the corners of the279
notched section, the numerical nominal stress is 0.58 MPa. The necessary280
single crack plane is initiated at the corners, propagating afterwards rapidly281
to the middle of the notched section. The major principal stress ﬁelds in282
Figure 12 reveal that the stress intensiﬁcation produced inside the notches is283
signiﬁcant, while the stress levels outside the notches remain low. This eﬀect284
produces the shielding of the crack plane, keeping the crack progression con-285
ﬁned to the plane of the notched section. For the better understanding of the286
resulting 3D shielding eﬀect of crack propagation, the major principal stress287
ﬁelds are displayed at three diﬀerent load levels in Figure 13. As shown, the288
crack front is shaped and guided by the lateral long notches. The geometry289
of the specimen eﬀectively contributes to the initiation and propagation of a290
single crack plane.291
After the full development of the crack surface, the migration of the ten-292
sile stresses from the matrix to the ﬁbers produces the rapid decrease of the293
tensile stiﬀness. Together with the simultaneous increase of the crack opening294
displacement, these contribute to keep the crack plane single. Nevertheless,295
if the bridging stresses reach very high levels in a later stage, secondary296
parallel crack planes may subsequently form. This event would aﬀect the297
experimental tensile stress-crack opening curves obtained. The formation of298
secondary parallel cracks would result in visible abrupt load drops during the299
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a)
b)
c)
Figure 13: Major principal stresses (MPa) at the notched section for: a) load increment
2, b) load increment 10 and c) load increment 36.
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post-cracking tensile hardening stage. In this case, the attainment of a single300
crack could be recovered by increasing the ratio between the net area of the301
un-notched and the notched cross-sections. The notch slenderness could be302
increased as well for the enhancement of the stress intensiﬁcation at the tip of303
the notches, but in this case a diﬀerent cutting technique would be necessary.304
Observing again the major principal stresses in Figure 11, these show that305
an envelope of high stresses surrounding the crack tip exists. This envelope306
of high stresses follows the crack tip while it propagates from its onset at the307
corners of the notched section to the middle. The maximum size of the 90%308
stress envelope (the curve limiting the area where the stresses are equal or309
greater than 90% of the local tensile strength, σcr) is approximately 2.5 mm310
at the peak load (load increment 36, see Figure 10). The high stress in this311
region may cause initial damage in the matrix. In a later stage, with the312
increase of the crack bridging stress, these previously damaged areas may313
induce the formation of secondary cracks. In the present case, regarding the314
length and diameter of the ﬁbers used, the size of this high stress envelope315
seems small enough to be considered insigniﬁcant, remaining the crack plane316
single. Nevertheless this should be reconsidered, if diﬀerent material scales317
are involved, including the size of the ﬁbers or the aggregates.318
Before the full development of the crack surface, the resulting tensile be-319
havior is mainly determined by the fracture properties of the matrix. The320
experimental and the numerical results at this stage are compared in Figure321
14, Figure 15 and Figure 16. Considering the numerical results, the nomi-322
nal stress was computed by multiplying the numerical load (see Figure 10)323
by 4 (due to the symmetry conditions) and dividing it by the net area of324
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Figure 14: Numerical and experimental tensile stress-crack opening results for 1% PVA
and 2% PVA fiber reinforced composites.
the notched cross-section. The nominal stress values were plotted for each325
CMOD, that is the relative displacement in x2 direction between two points326
placed in opposite sides of the notch. In the numerical model, these two327
points were placed in the same positions as the ones adopted by the clip328
gages in the experimental test-setup (see Figure 2).329
330
In general, Figures 14, 15 and 16 show a good correlation between the331
experimental and the numerical results during the initial stage of cracking.332
The higher scatter of results obtained with PAN1.5 and PAN3.0 may be ex-333
plained by the reduced diameter of these ﬁbers. While in the fresh state, the334
thinner PAN1.5 and PAN3.0 ﬁbers showed to be more diﬃcult to mixture and335
disperse, due to their considerably greater speciﬁc surface. Since the matrix336
used was the same for all ﬁbers and not adapted to perform better with the337
thinner ones, the adverse fresh mixture properties obtained with the PAN1.5338
and PAN3.0 have resulted in decreased homogeneity after hardening. Nev-339
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Figure 15: Numerical and experimental tensile stress-crack opening results for PAN 1.5
and PAN 3.0 fiber reinforced composites.
Figure 16: Numerical and experimental tensile stress-crack opening results for PAN 6.7,
PAN 30 and PP fiber reinforced composites.
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ertheless, a substantial diﬀerence between the pre-peak behaviors obtained340
with the diﬀerent ﬁbers is observed. This suggests that the thinner ﬁbers,341
due to their greater speciﬁc surface and the resulting enhanced bond with342
the matrix, contribute to the increase of the peak load at this stage. Their343
earlier mobilization in tension may explain this result. PAN3.0 ﬁbers start344
contributing to resisting the tensile stresses at much smaller crack openings,345
delivering a superior contribution to the tensile hardening mechanisms in the346
early stage of the crack formation and propagation. This eﬀect was not so347
visible for the PAN1.5 ﬁbers, due to the adverse fresh mixture properties and348
the resulting loss of homogeneity caused by the very small diameter of the349
ﬁbers. In the case of the composites reinforced with PAN 30 and PP ﬁbers350
(Figure 16), the higher scatter of results may be the consequence of a weaker351
ﬁber-matrix interfacial bonding. The weak activation of these ﬁbers at this352
stage results in a less controlled process of the crack initiation and propaga-353
tion, as shown by the frequent snap-back eﬀects in the tensile stress-CMOD354
curves.355
In the region of the tensile stress-crack opening behavior where cracking356
occurs, for most of the composites the post-cracking tensile softening occurs357
smoothly, with a gradual decrease of the tensile stress at increasing CMOD.358
For the PAN ﬁber reinforced composites, although the specimens reach higher359
stresses during cracking, the post-peak load decay is still smooth, due to the360
improved mobilization of the thinner ﬁbers at this stage. This indicates361
that the ﬁbers contribute to restrain the abrupt release of energy during the362
brittle failure of the matrix. It has been previously shown that the crack363
initiates and propagates in the matrix at a very limited period. During this364
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period, depending on the geometry of the ﬁbers and their interaction with365
the matrix, their activation in tension occurs earlier or later and more or less366
eﬀectively. For the 1% PVA ﬁber reinforced composite a small post-cracking367
jump of the CMOD seems to occur. The reduced reinforcement ratio in this368
case may be insuﬃcient to restrain crack propagation in a controlled manner369
for a limited period. The abrupt energy release associated with the matrix370
fracture seems to be larger than the energy dissipation ability provided by371
only 1% of PVA ﬁber reinforcement.372
The displacements observed when the cracking peak load is reached are373
very small. This stage of the single crack behavior seems to contain very374
relevant information for the characterization and design of the composite375
mechanics. The convenient characterization of the stage where the transfer376
of the tensile stresses from the matrix to the ﬁbers occurs is essential for377
the successful design of the composite towards pseudo-strain hardening in378
tension and multiple cracking ability.379
4. Image analysis of crack propagation380
4.1. Procedure and method381
The formation and propagation of the tensile crack was monitored at382
the surface of the specimens using a digital image-based system. The setup383
comprised two high resolution cameras, positioned 270 mm away from the384
specimen and 130 mm apart from each other (see Figure 17). Two lenses385
with focal length of 50 mm were used, allowing the observation of a 50 mm386
by 50 mm area in the surface of the specimen at a working distance of 270387
mm. Photos with a resolution of 4 megapixel were captured during testing388
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with time intervals of 0.20 seconds. These photos were subsequently used for389
the continuous interpolation of the displacements and the derivation of the390
strain ﬁelds occurring at the surface of the inspected specimen.391
392
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Figure 17: Geometry of the specimen and setup of the imaging system for the monitoring
of surface deformations.
In order to allow the optical inspection of the crack, the geometry of the393
specimen near the notched section was altered. The original geometry (see394
Figure 1) was not viable because the intersection of the crack plane with395
the surface of the specimen was not visually accessible. The rounded shape396
and cylindrical surface at the notched area were adopted to approximate397
better the stress conditions of the original specimen in the notched section,398
as well as to allow the visual access to the intersection of the crack with399
the surface of the specimen (see Figure 17). Although the geometry of the400
specimen in the region of the notched cross section is diﬀerent, the attain-401
ment of a single crack was veriﬁed visually. The crack surface obtained with402
one of the composites reinforced with 2% of PVA ﬁbers is shown in Figure 18.403
404
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Figure 18: Single crack obtained with specimen used for the image analysis of cracking.
The optimal conditions of image correlation were met with the application405
of a speckle pattern at the surface of the specimen. Suﬃcient randomness406
and high contrast of the pattern captured from the surface is important for407
the continuous recognition and tracing of the shape and position of each408
facet. In the present case, each facet was composed of 10×10 pixels. Each409
pixel covered a real area of 25×25 μm2. The total area of 50×50 mm2 was410
covered by a facet mesh overlay of 200×200 facets.411
412
4.2. Image analysis results413
Specimens with the geometry presented in Figure 17 were tested and a414
single crack was obtained and conﬁrmed visually. The typical tensile stress-415
CMOD behavior obtained is presented in Figure 19. A few relevant stages416
of the image-based monitoring procedure are identiﬁed, consisting of repre-417
sentative generic stages of the material single crack tensile behavior.418
419
The strain ﬁelds were derived from the displacements computed at each420
facet adopting the digital correlation procedure. Each facet is treated as421
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Figure 19: Tensile Stress-CMOD obtained during imaging and identification of relevant
image-based monitoring stages.
a continuum and strains are derived from displacements according to the422
principles of continuum mechanics [22]. Cracks are, however, accurately rep-423
resented by visualizing the major principal strains as if a continuum dis-424
placement ﬁeld was occurring. The small facet size contributes to the high425
resolution with which the appearing cracks are identiﬁed and represented.426
The results in terms of major principal strains at the facet overlay are rep-427
resented in Figure 20. The stages highlighted previously (see Figure 19) are428
identiﬁed in each frame.429
430
The image-based monitoring of the cracking process near the notched area431
allowed the detailed tracing of the crack initiation and propagation stages.432
The initiation of the tensile crack is already visible in stage 9, near the two433
opposite corners of the notched cross-section. 200 ms later the crack had434
propagated to the center of the notched section, as shown in stage 10 (see435
Figure 20). A straight and localized crack plane has formed. From stage 15436
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Figure 20: Major principal strains in the facets overlay based on the sequence of images
of the specimen. The time step between stages is 200 ms.
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onwards, the crack seems to remain single and fully developed. The ﬁber437
bridging mechanisms assure the necessary stress transfer ability for the spec-438
imen to keep withstanding an increasing tensile load.439
To further analyze these results, the captured stages are presented in a440
closer view in Figure 21. For each stage, on the left hand side the origi-441
nal photo taken from the surface of the specimen is zoomed. On the right442
hand side the interpolated major principal strains are shown, together with443
a virtual clip gage showing the interpolated crack opening at the tip of the444
notch. The main advantage of this image-based monitoring technique is that445
it allows the simple and straightforward tracing of the evolution of the prin-446
cipal strains throughout the sequence of stages represented. The cracking447
processes are accurately revealed, from their onset.448
The concept of an open discrete crack is rather unclear. The borderline449
between a preliminary diﬀuse micro-cracking region ahead of the crack tip450
and the subsequent coalesced crack is diﬃcult to deﬁne. Nevertheless, the451
cracking topology was captured and identiﬁed with good resolution, much452
before it became visible. The observed thin and elongated shape of a hypo-453
thetical fracture processing zone ahead of the crack tip, typical of cementi-454
tious matrices, agrees with the observations of other researchers [30, 31].455
As shown in Figure 21, the notch creates the necessary local stress or de-456
formation conditions to the initiation of a single crack. After initiation, the457
crack propagates to the center of the specimen, remaining single and straight.458
After the full development of the crack throughout the entire specimen, the459
two opposite crack faces remain interconnected only by the ﬁbers bridging460
them, which seems to occur at stage 15. The mechanical characteristics of461
30
the subsequent hardening and softening stages are determined by the ﬁber462
reinforcement parameters only, including the number, geometry, mechanical463
properties, orientation and interfacial bonding established between the ﬁbers464
and the surrounding matrix.465
466
4.3. Simulation of the post-cracking behavior467
Considering that a single crack was consistently obtained while perform-468
ing the SCTT, the numerical model previously presented can adequately sim-469
ulate the entire tensile response of the specimen if one layer of interface ele-470
ments is positioned at the expected crack plane in the numerical model. For471
comparison, the traction-separation law assigned to the interface elements472
was derived from the SCTT tensile stress-crack opening response experi-473
mentally obtained for the 2.0% PVA ﬁber reinforced cementitious compos-474
ite. The traction-separation law was derived by simply extracting the post-475
cracking portion of the average experimental tensile stress-CMOD curve. All476
experimental measurements (10 per second) were used to deﬁne the traction-477
separation law. The numerical results obtained are presented in Figure 22478
and compared to the experimental average curve previously shown.479
The numerical response obtained is mostly identical to the experimen-480
tal, with slight diﬀerences observed at the initial stage. While the crack is481
forming, the specimen geometry inﬂuences somewhat the results obtained.482
As shown in Figure 11, although the tensile stresses in the region where the483
clip gages are positioned remain low, the crack tip opening displacement is484
slightly overestimated when evaluated outside the notch. This eﬀect tends485
to be less signiﬁcant after the crack is fully formed. Therefore, when the486
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Figure 21: Detailed analysis near the notch tip, showing cracking initiation and propaga-
tion.
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Figure 22: Numerical simulation of the entire tensile stress-CMOD response obtained for
the 2% PVA fiber reinforced cementitious composite.
traction-separation law adopted in the numerical model is derived utilizing487
the experimental tensile stress-crack opening curve, the described eﬀect may488
justify the small diﬀerence observed at the initial part of the response, during489
the crack initiation and propagation stages.490
To compare the crack proﬁles obtained with the image-based analysis491
and the numerical simulation, two distinct loading stages were selected. The492
crack proﬁles measured with the image-based analysis system at stages 9 and493
15 (see Figure 19) are compared with the crack proﬁles obtained in the nu-494
merical model at the load increments where the same CMOD was measured495
(Figure 23). In the image-based analysis, the crack opening displacement (δ)496
was measured in 30 equally spaced points along the crack path, using virtual497
clip gages with a length of 5 mm. The crack opening displacements measured498
are compared with the crack proﬁles obtained in the numerical model for one499
half of the ligament, with coordinate x1 starting at the center of the ligament500
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Figure 23: Crack profiles obtained in two stages of the cracking process, before and after
the crack is fully formed.
and ending at the tip of the notch (x1 = 15 mm, see Figure 6).501
5. Tensile stress-crack opening behavior in dogbone-shaped speci-502
mens503
The tensile stress-strain behavior typically observed in SHCC specimens504
under direct tension is characterized as a tensile pseudo-strain hardening be-505
havior. The overall tensile hardening experienced by SHCC specimens in506
tension occurs while the deformation in the loading direction signiﬁcantly in-507
creases due to the formation of multiple parallel cracks perpendicular to the508
loading direction. This pseudo-strain hardening behavior in tension and the509
formation of multiple parallel cracks are possible because individual cracks in510
the SHCC material are deliberately designed to have a higher ultimate ﬁber511
bridging stress compared to the ﬁrst cracking strenth. Furthermore, the frac-512
ture energy involved in the formation of an individual crack must meet an513
34
additional criterion for multiple cracking criterion to occur [6]. SHCC mate-514
rials are micro-mechanically designed to withstand increasing tensile stresses515
after the formation of cracks. Although the cement-based matrix is brittle,516
the ﬁber bridging stresses at a crack exceed the cracking stress of the cement-517
based matrix, therefore allowing the formation of additional parallel cracks518
before ultimate failure. As a result of this multiple cracking in tension, SHCC519
materials exhibit high toughness and ductile behavior in tension.520
The importance of the ﬁber bridging mechanisms to the pseudo-strain521
hardening behavior is the motivation in the investigation of the tensile be-522
havior of SHCC at the level of a single crack. In a previous section, the523
procedure utilized to characterize the tensile stress-crack opening behavior524
of various ﬁber reinforced cementitious composites was described. To evalu-525
ate how these results compare with experimentally obtained data of the ten-526
sile stress-crack opening behavior in dogbone specimens with multiple crack527
formation, in Figure 24 the tensile stress-strain behavior obtained for the528
composite containing 2.0% of PVA ﬁbers is shown (cite Larus work). Dog-529
bone specimens with ﬁxed rotation boundary conditions were subjected to a530
constant tensile displacement rate of 1.0 mm/min. The specimens reached531
a tensile strength of 4.2 MPa at a tensile strain of 4.5%. In a closer view532
of the results obtained up to a tensile strain of 2.5%, tensile hardening is533
observed while the tensile deformation signiﬁcantly increases. The formation534
of several parallel cracks was veriﬁed during testing until tensile failure of the535
specimens occurred with the localization of the deformations at one crack,536
after cracking saturation.537
The image-based analysis described in previous section was utilized to in-538
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Figure 24: Tensile stress-strain curves and average crack spacing obtained from three
dogbone-shaped specimens of 2% PVA fiber reinforced cementitious composite.
terpolate the displacements at the surface of the specimens during the entire539
loading sequence. Using the results of the image-based deformation analy-540
sis, it was possible to trace the evolution of the tensile stress-crack opening541
displacement at each crack during testing. The nominal tensile stress was542
obtained by dividing the tensile load by the net area of the specimen cross543
section, 25 × 50 mm2. The tensile stress-crack opening behavior was char-544
acterized at 30 cracks. In Figure 25 the setup used to measure the defor-545
mations at the surface of the dogbone-shaped specimen is explained. The546
strain overlay, resulting from the image-based deformation analysis, reveals547
the formation of cracks at the early stage of the tensile loading, as shown548
at a tensile strain of 0.6%. At increaseing tensile strain the cracks become549
clearly visible, as shown at a tensile strain of 3.2%. The crack opening at550
three representative cracks was traced during the entire loading sequence us-551
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Figure 25: Schematic of the cracked dogbone specimen and results obtained with the
image-based deformation analysis: a) cracked surface and strain overlay at 0.6% of tensile
strain and b) cracked surface at 3.2% of tensile strain and positioning of two virtual clip
gages used to monitor the crack opening displacements.
ing the virtual clip gages, as exempliﬁed. In Figure 26 the tensile stress-crack552
opening obtained for these three representative cracks is shown.553
Due to the typical scatter of sectional properties in cement-based com-554
posites, the ﬁrst cracking strength and the density of ﬁber distribution are555
diﬀerent at each location of the specimen, therefore a range of tensile stress-556
crack opening behaviors are expected at the observed crack locations. Within557
this range, a general trend can be observed as initial crack widening at al-558
most constant tensile stress, followed by tensile hardening identical to the559
observed in the SCTT. As a result of the interaction between the cracks dur-560
ing the formation and propagation phase in the dogbone-shaped specimen, a561
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Figure 26: Tensile stress-crack opening (δ) curves obtained at three representative cracks
and comparison with the SCTT results.
full interpretation of the mechanisms governing the overall behavior observed562
is complex and out of the scope of the present investigation. In general the563
results suggest that once the cracks have propagated through the specimen564
cross-section and the deformations have reached a steady state, the tensile565
stress-crack opening behaviors observed in the dogbone-shaped specimen are566
found within the range predicted by the SCTT. The tensile strength observed567
in the SCTT is not reached because the crack that determines the rupture568
of the dogbone-shaped specimen is the weakest in terms of bridging tensile569
strength. Therefore, for simulation or design purposes, a probabilistic de-570
scription of the tensile stress-crack opening behavior characterized with the571
SCTT is necessary.572
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6. Discussion573
The results obtained with the seven diﬀerent composites showed, in gen-574
eral, a good agreement between diﬀerent tests for each composite. As shown575
in Figure 4, the results are consistent and reasonable, revealing the intrinsic576
mechanics of each composite system. The inﬂuence of the geometrical and577
mechanical parameters of each ﬁber reinforcing system can be identiﬁed and578
studied. The activation of ﬁbers with diﬀerent diameters has been shown579
to occur at diﬀerent stages of the cracking process. The PAN ﬁbers, with580
a smaller diameter, were activated even before the ﬁrst cracking strength581
was reached, and contributed eﬀectively to the increase of the cracking peak582
stress. Their premature activation was followed by an also premature exhaus-583
tion of their contribution to the post-cracking tensile behavior. The contri-584
bution of PVA and PP ﬁbers to the increase of the ﬁrst cracking strength585
was negligible. Instead their full mobilization occurs after cracking, with sig-586
niﬁcant tensile hardening ramps developing after cracking in both cases. The587
main diﬀerence between the SCTT results observed for PVA and PP ﬁber588
reinforced composites was located in the region of the tensile stress-crack589
opening curves where the peak bridging stress is reached. While for the PVA590
ﬁber reinforced composites the experimental curves exhibited a sharp transi-591
tion between the tensile hardening and the tensile softening stages, with the592
PP reinforced composites this transition occurs gradually and smoothly. The593
well known superior interfacial bonding of the PVA ﬁbers with the matrix594
may justify these results, as opposed to the poorer bonding of the PP ﬁbers595
due to their hydrophobic nature [32, 33]. Therefore, the gradual increase596
of the tensile stress in the ﬁbers, during the composite tensile hardening597
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stage after cracking, causes the premature debonding of a gradually increas-598
ing number of PP ﬁbers, resulting in the also gradual decrease of the tensile599
hardening stiﬀness for increasing CMOD and the observed smooth transition600
to softening. The superior bonding of the PVA ﬁbers with the matrix re-601
sults in a constant tensile hardening stiﬀness after cracking, with most of the602
ﬁbers being fully mobilized. Once the applied tensile stress in the composite603
approaches the peak bridging stress, the great majority of active ﬁbers start604
rupturing. Therefore the tensile softening occurs more rapidly with the PVA605
ﬁber reinforced composite than with the PP ﬁber one, exhibiting the tensile606
stress-crack opening curve a sharp transition from the tensile hardening to607
the tensile softening stages. In addition, the composites reinforced with PP608
ﬁbers maintain higher residual tensile strengths, as a result of the reduced609
interfacial bonding and the preservation of a higher number of active ﬁbers610
for greater CMOD.611
The obtained results suggest that a group of generic stages of a typi-612
cal tensile stress-crack opening behavior can be distinguished. At the onset613
of tensile testing, the mechanical response starts with what is usually as-614
sumed as the predominantly elastic behavior, with a steep increase in the615
applied load while tensile deformation increases. This ﬁrst stage ends when616
the nominal matrix cracking strength is achieved, with the rapid transfer of617
the tensile stresses from the cracked matrix to the ﬁbers and the subsequent618
rapid tensile load decay. Preliminary stages of micro-cracking and micro-619
defect propagation may aﬀect the shape of this transition stage, governed620
by fracture mechanisms and dependent on the shape and size of pores and621
micro-defects. The micro-mechanisms taking place at this stage were system-622
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atically discussed in the previous section, supported by the numerical model623
and the image-based monitoring results. Fibers may also play a role at this624
stage as crack inducers, but the extension of the experimental data available625
is not detailed enough to allow a thorough analysis of this mechanism. Pack-626
ing density of the solid skeleton is also inﬂuenced by the presence of the ﬁbers627
and their geometry, which in turn aﬀect the matrix fracture properties.628
After the rapid load decay caused by the transfer of the tensile stresses629
from the matrix to the ﬁbers, a new hardening stage supported by the full630
mobilization of the ﬁber-matrix bonding mechanisms is initiated. While the631
ﬁbers stretch, hardening occurs until the peak bridging stress is reached. In632
this third stage the stiﬀening eﬀect of the ﬁber reinforcement is exhausted633
either due to ﬁber debonding and slip-softening pull out mechanisms or ﬁber634
rupture. The result is respectively a sharp or a smooth transition between635
the tensile hardening and softening stages.636
The fourth stage consists of the post-peak softening stage observed in all637
curves. It coincides with the gradual neutralization of the remaining links638
between opposite crack faces. This stage may be divided into two diﬀerent639
branches with diﬀerent inclinations, one steeper and other mostly horizontal,640
inﬂuenced by the geometry and the mechanical properties of the aggregates641
and the ﬁbers.642
The sequence of stages previously described consists of an interpretation643
of complex mechanisms taking place at the level of a single crack in the644
bulk composite, which summarize and condense in a rational way the tensile645
behaviors observed, useful from a design perspective. In Figure 27, this sys-646
tematic approach of the tensile stress-crack opening behavior is summarized647
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Figure 27: Tensile stress-crack opening design law for SHCC [34].
in the shape of a constitutive design law [34].648
649
The identiﬁcation of the parameters deﬁning the shape of the bridging650
stress, σB , versus the crack opening, w, relationship may be carried out ex-651
perimentally using the SCTT. For that purpose the test setup conditions652
suggested above can be adopted. The ﬁrst cracking strength,σcr, the initial653
bridging stress, σB,initial, the peak bridging stress, σB,peak, and the corre-654
sponding crack opening at peak bridging stress, wB , represent the most655
signiﬁcant parameters to be identiﬁed. Subsequently the residual bridging656
stress, σ1, the corresponding crack opening, w1, and ﬁnally the ultimate co-657
hesive crack opening, w2, represent also important design parameters. All658
this data, and the scatter associated to each of these parameters, may be659
used to support the structural design and to deﬁne reliability factors for660
each mechanical parameter. Alternatively, the material requirements may661
be imposed by the structural concept. These requirements may assume the662
shape of a predeﬁned bridging stress-crack opening curve, which will guide663
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the material design with a ﬁber reinforced cementitious composite based so-664
lution. Material and structural design may be integrated with this approach.665
The sequence of distinctive stages above mentioned is clearly identiﬁable666
in all tested composites. The adopted ﬁber reinforcements show diﬀerent667
mechanical performances in tension, however these stages remain clearly dis-668
tinctive and keep the same formal details. This suggests that a rational669
design approach can be based on the assumption that the tensile stress-crack670
opening behavior of ﬁber reinforced cementitious composites follows a stan-671
dard sequence of stages assuming the shape of a generic tensile stress-crack672
opening design curve (see Figure 27).673
674
7. Conclusions675
The objective of characterizing the tensile behavior of SHCC at the level676
of a single crack described in this study was approached by performing the677
proposed single crack tension test (SCTT). The formation of a single, local-678
ized crack was consistently conﬁrmed using tension softening and pseudo-679
strain hardening materials. With the purpose of understanding the nature680
and topology of the cracks generated when using the proposed SCTT setup,681
the crack formation and propagation stages during testing were documented682
using an image-based deformation analysis system. This procedure allowed683
the visualization of the displacements at the surface of the specimen with684
reasonable accuracy. The initiation and propagation of a single crack dur-685
ing the pre- and post-cracking stages were observed and the measured crack686
proﬁles during testing showed good correlation with the crack proﬁles ob-687
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tained at the same CMOD using the numerical simulation. While utilizing688
the tensile stress-crack opening responses to derive the cohesive law, the nu-689
merical model results were also in good agreement with the experimental690
tensile stress-CMOD responses, supporting the assumption of a single crack691
forming during the loading sequence in the SCTT. In particular, the geome-692
try and reduced thickness of the adopted notches were demonstrated to have693
an important eﬀect in the formation of a single crack during loading process.694
The activation of ﬁbers with diﬀerent diameters occurred at diﬀerent695
stages of the cracking process of SCTT. The ﬁbers of smaller diameter showed696
signiﬁcant activity even before the ﬁrst cracking strength was reached, con-697
tributing eﬀectively to the increase of the ﬁrst cracking strength. The ﬁbers698
with larger diameter have demonstrated an eﬀect only after crack formation,699
contributing to the development of considerable post-cracking tensile harden-700
ing. The main diﬀerence between the tensile stress-crack opening behaviors701
observed with PVA and PP ﬁbers was located at the region where the peak702
bridging stress is reached. While the PVA reinforced composites exhibited a703
sharp transition between the tensile hardening and softening stages, in the704
PP reinforced composites this transition was smooth and the peak bridging705
stress reached was lower. The SCTT showed high sensitivity to important706
composite properties, such as the diﬀerent interfacial bonding characteristics,707
ﬁber properties and pull-out conditions established between the ﬁbers and708
the matrix, which makes SCTT very attractive to support the design process709
of these materials.710
The assessment of the tensile stress-crack opening behavior is important711
to the material constitutive modeling and the design of structures based on712
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the ﬁnite element method. The response obtained can be summarized into713
a group of relevant fracture parameters, depending on the precision required714
in the design process. In terms of the material properties of SHCC, the715
design procedure may be based on a set of requirements established with re-716
spect to the main parameters characterizing the tensile stress-crack opening717
behavior, including the ﬁrst cracking strength, the ﬁber bridging stiﬀness,718
the ultimate bridging strength and the crack opening at reaching the ﬁber719
bridging strength. The SCTT setup allows the explicit characterization of720
the stress-crack opening behavior and may therefore guide the process of de-721
signing and optimizing SHCC materials, as well as aid with the integration722
of material selection in the structural design process.723
724
8. Acknowledgments725
The authors thank the Portuguese National Science Foundation for the726
ﬁnancial support, through grant SFRH / BD / 36515 / 2007, funded by727
POPH-QREN, the Social European Fund and the MCTES, and DTU-Byg728
for their support of the work as part of this project.729
[1] V. C. Li, Large volume, high-performance applications of ﬁbers in civil730
engineering, Journal of Applied Polymer Science 83 (2002) 660–686.731
[2] A. M. Brandt, Fibre reinforced cement-based (frc) composites after732
over 40 years of development in building and civil engineering, Compos733
Struct 86 (2008) 3–9.734
45
[3] G. Fischer, V. C. Li, Eﬀect of ﬁber reinforcement on the response of735
structural members, Eng Frac Mech 74 (2007) 258–272.736
[4] V. C. Li, On engineered cementitious composites (ecc), J Adv Conc737
Tech 1 (2003) 215–230.738
[5] A. E. Naaman, H. W. Reinhardt, Proposed classiﬁcation of hpfrc com-739
posites based on their tensile response, Mater Struct 39 (2006) 547–555.740
[6] T. Kanda, V. C. Li, Practical design criteria for saturated pseudo strain741
hardening behavior in ecc, J Adv Conc Tech 4 (2006) 59–72.742
[7] K. Rokugo, T. Kanda, H. Yokota, N. Sakata, Applications and rec-743
ommendations of high performance ﬁber reinforced cement composites744
with multiple ﬁne cracking (hpfrcc) in japan, Mater Struct 42 (2009)745
1197–1208.746
[8] S. Quian, V. C. Li, Simpliﬁed inverse method for determining the tensile747
properties of strain hardening cementitious composites (shcc), Journal748
of Advanced Concrete Technology 6 (2008) 353–363.749
[9] B. Cotterell, Y.-W. Mai, Fracture mechanics of cementitious materials,750
Blackie, London, 1996.751
[10] B. Karihaloo, Fracture mechanics and structural concrete, Longman Sci-752
entiﬁc and Technical, Harlow, 1995.753
[11] S. Shah, S. Swartz, C. Ouyang, Fracture mechanics of concrete - Appli-754
cations of fracture mechanics to concrete, rock, and other quasi-brittle755
materials, Wiley, New York,N.Y., 1995.756
46
[12] I. Lofgren, H. Stang, J. F. Olesen, The wst method, a fracture mechanics757
test method for frc, Mater Struct 41 (2008) 197–211.758
[13] Rilem tc 162-tdf: Bending test, Materials and Structures 35 (2002)759
579–582. 10.1007/BF02483127.760
[14] V. C. Li, H. Stang, H. Krenchel, Micromechanics of crack bridging in761
ﬁbre-reinforced concrete, Mater Struct 26 (1993) 486–494.762
[15] Rilem tc 162-tdf: Uni-axial tension test for steel ﬁbre reinforced con-763
crete, Materials and Structures 34 (2001) 3–6. 10.1007/BF02482193.764
[16] S. Shah, A. Brandt, C. Ouyang, R. Baggott, J. Eibl, M. Glinicki,765
H. Krenchel, A. Lambrechts, V. C. Li, B. Mobasher, L. Taerwe, Tough-766
ness characterization and toughening mechanisms., in: R. H. W. Naa-767
man A. E. (Ed.), High performance ﬁber reinforced cement composites768
2, volume 31 of RILEM Proceedings, E & FN Spon, 1996, pp. 194–224.769
[17] G. Fischer, H. Stang, L. Dick-Nielsen, Initiation and development of770
cracking in ecc materials: Experimental observations and modeling, in:771
G. P. Carpinteri GFA. (Ed.), High Performance Concrete, Brick- Ma-772
sonry and Environmental Aspects., volume 3, FraMCos, Taylor & Fran-773
cis, 2007, pp. 1517–1522.774
[18] E. H. Yang, S. Wang, Y. Yang, V. C. Li, Fiber-bridging constitutive law775
of engineered cementitious composites, Journal of Advanced Concrete776
Technology 6 (2008) 181–193.777
47
[19] P. Kabele, Multiscale framework for modeling of fracture in high per-778
formance ﬁber reinforced cementitious composites, Eng Frac Mech 74779
(2007) 194–209.780
[20] P. Kabele, Finite element fracture analysis of reinforced shcc members,781
in: G. van Zijl, W. Boshoﬀ (Eds.), Advances in Cement-Based Materi-782
als, volume International Conference on Advanced Concrete Materials,783
Stellenbosch, South Africa, pp. 237–244.784
[21] A. E. Naaman, G. Fischer, N. Krustulovic-Opara, Measurement of785
tensile properties of ﬁber reinforced concrete: draft submitted to aci786
committee 544, in: R. H. W., N. A. E. (Eds.), Rilem International787
Workshop on High Performance Fiber Reinforced Cement Composites,788
number Pro. 53 in RILEM Proceedings, RILEM, RILEM S.A.R.L, 2007,789
pp. 3–12.790
[22] T. C. Chu, W. F. Ranson, M. A. Sutton, Applications of digital-image-791
correlation techniques to experimental mechanics, Exp Mech 25 (1985)792
232–244.793
[23] T. Berﬁeld, J. Patel, R. Shimmin, P. Braun, J. Lambros, N. Sottos,794
Micro-and nanoscale deformation measurement of surface and internal795
planes via digital image correlation, Exp Mech 47 (2007) 51–62.796
[24] V. C. Li, S. Wang, C. Wu, Tensile strain-hardening behavior or polyvinyl797
alcohol engineered cementitious composite (pva-ecc), ACI Mater J 98798
(2001) 483–492.799
48
[25] C. euro-international du beton, CEB-FIP model code 1990: design code,800
number 213-214 in Design Code, T. Telford, 1993.801
[26] Z. P. Bazant, P. A. Pfeiﬀer, Determination of fracture energy from size802
eﬀect and brittleness number., ACI Mater J ACI materials journal 84803
(1987) 463–480.804
[27] Z. Bazant, M. Kazemi, Determination of fracture energy, process zone805
length and brittleness number from size eﬀect, with application to rock806
and concrete, Int J Fract 44 (1990) 111–131.807
[28] D. A. Lange, H. M. Jennings, S. P. Shah, Relationship between fracture808
surface roughness and fracture behavior of cement paste and mortar, J809
Am Ceram Soc 76 (1993) 589–597.810
[29] H. Stang, T. Aarre, Evaluation of crack width in frc with conventional811
reinforcement, Cem Conc Comp 14 (1992) 143–154.812
[30] J. Bolander, J., H. Hirosaka, Simulation of fracture in cement-based813
composites, Cem Conc Comp 17 (1995) 135–145.814
[31] K. Otsuka, H. Date, Fracture process zone in concrete tension specimen,815
Eng Frac Mech 65 (2000) 111–131.816
[32] V. C. Li, S. Wang, A. Ogawa, T. Saito, C. Wu, Interface tailoring817
for strain-hardening polyvinyl alcohol-engineered cementitious compos-818
ite (pva-ecc), ACI Mat J 99 (2002) 463–472.819
[33] Q. F. Wei, R. R. Mather, A. F. Fotheringham, R. D. Yang, Esem study820
49
of wetting of untreated and plasma treated polypropylene ﬁbers, J Ind821
Text 32 (2002) 59–66.822
[34] J. Yang, G. Fischer, Investigation of the ﬁber bridging stress-crack823
opening relationship of ﬁber reinforced cementitious composites, in:824
International Workshop on High Performance Fiber Reinforced Cemen-825
titious Composites in Structural Applications, volume RILEM Proceed-826
ings PRO 49, pp. 93–106.827
50
